The global research enterprise has seen extensive technological, social, and financial changes in the last two decades that have dramatically changed the face of academic research. While many of these changes have had a tremendously positive impact on research progress, many of them have raised new questions about how to ensure that research is conducted responsibly. In addition, there have been some high-profile cases of error and fabrication in published works that might have been caught earlier if the enterprise had better safeguards in place. There is an ongoing discussion within the research enterprise about whether and how to establish new guidelines to ensure the integrity of the research process within this shifting environment. In this article, I survey key changes in the research environment that have opened up new questions about how to best ensure the integrity of the research process.
Introduction
The U.S. academic research community was forced to address issues relating to the responsible conduct of research (RCR) in the late 1980s in response to numerous allegations of falsification, fabrication, and plagiarism (FFP) in federally funded research projects (Wheeler 1991) . The first document to formally address issues of RCR, give guidelines defining research misconduct, and provide recommendations for how to establish institutional practices protecting against falsification of the research record was the 1992 report Responsible Science: Ensuring the Integrity of the Research Process published by the National Academies (NAS 1992) . The report defined FFP as research misconduct; it also identified a collection of questionable research practices, such as the inappropriate use of statistical methods, which must be avoided to protect the research record, but these practices do not rise to the level of misconduct.
The 1992 report addressed a wide range of issues in RCR, ranging from FFP, to data and record storage, to treatment of subordinates. While all of these issues and associated recommendations are still applicable today, the research enterprise has seen important social, technological, and financial changes during the last two decades that raise important new questions in the RCR realm.
Science and engineering research has been shifting from being conducted in small research groups lead by a single principal investigator (PI) to large research teams composed of many PI-led groups working together. Furthermore, many of the teams at the forefront of research are highly interdisciplinary. Ranging from the work on the Higgs Boson at CERN (Aad et al. 2012 ) to identification of new targeted drug therapies (Foon 2007; Olivier et al. 2008) , teams are combining expertise from multiple fields of clinical medicine, engineering, experimental physics, and computation to push the boundaries of modern knowledge.
Technological advancement has also changed research conduct and reporting in multiple ways. Researchers in many fields are acquiring vast datasets and utilizing nonobvious computational techniques to produce results from those data (Carr et al. 2004; Edgar, Domrachev, and Lash 2002; Hesla 2012) ; and the data and source code are often not included at the time of publication (Stodden, Guo, and Ma 2013) . Technology has made it far easier to plagiarize (Neill and Shanmuganthan 2004) and falsify images (Cromey 2010 ) and other types of data, but it can also be used to detect these transgressions (Butler 2010; Roberts 2009 ). Financial pressures have shifted, too, in recent years. As a result of the Bayh-Dole Act of 1980, academic research has increasingly led to patents and intellectual property ownership by universities, and spinoff companies that are often controlled by the university researchers still engaged in related research at the university (Kumar 2010) . These arrangements have increased the likelihood that researchers will have a financial conflict of interest.
In this paper, I aim to summarize some of the key issues and questions that have developed during the last two decades in response to these changes in the research environment. Where useful, I will cite specific cases, and discuss relevant community discussions and guidelines aimed at addressing these issues.
Social changes

Interdisciplinary/Collaborative Research
Social changes in how research is conducted raise some of the most important questions in modern RCR. Due, at least in part, to increased field specialization and breadth of expertise needed to push the boundaries of many disciplines ranging from advanced physics to biology, an increasing number of projects are carried out by large interdisciplinary teams involving multiple PI-led groups, such as the work at CERN, and publications have seen a commensurate increase in the number of co-authors in recent years (Porter and Rafols 2009 ).
These changes raise several important questions. First, in large collaborations involving multiple labs with differing disciplinary expertise, each individual may lack sufficient understanding to identify errors or concerns in the resulting integrated work. Second, during publication of broad, interdisciplinary work, it may not be possible to identify peer-reviewers who can holistically evaluate the novelty and correctness of the work.
Assigning responsibility and credit for the published work may also be challenging (Dance 2012) . Publications in traditional biomedical research, for example, typically have a first and last author who were the primary contributors to the work. However, in large teams, many of the authors may have contributed similarly, but to specific portions of the product. This is exemplified by a paper resulting from the work on the Higgs Boson, which had nearly 3,000 co-authors (Aad et al. 2012) . Questions in team authorship have led to some societies and journals adopting contribution standards and responsibilities for authors, like those adopted by the International Committee of Medical Journal Editors (ICMJE) (Bhopal et al. 1997 ), but existing standards may not apply to these newer very-large-scale collaborations (Dance 2012) . The question of how to assign credit for hiring, promotion, and tenure to the authors of these large, teamproduced works has not been addressed to my knowledge.
International Collaboration and the Distributed Lab Group
Aided by the advancement of tele-and video-conferencing and other social internet tools (Diana 2010) , there has also been a rise in the number of international collaborations in recent years (Hoekman, Frenken, and Tijssen 2010; NSF 2012) . These collaborations rely on interactions between PI's, undergraduate and graduate students, and postdocs from each collaborating group. Cultural differences between nations, including differences of command structure, and norms for confidentiality and research ethics may affect the success and integrity of the collaboration (Wells 2002; Kumaraguru, Cranor, and Newton 2005; Glickman et al. 2009; Coleman 1999) . For example, the style of research presentation and authorship in Japan is different than in the U.S., leading to different readership expectations in each nation (Motokawa 1989; Kameda 2001 ).
The last social change I want to address in the academic setting is the emergence of an individual lab group that is spatially -sometimes internationally -separated into multiple parts. In this setting, a student and postdoc is a member of one location, but is expected to share preliminary ideas and data in an informal setting as lab mates with colleagues from each of the multiple locations. What distinguishes this setting from a traditional single-location lab environment is two-fold. First, the connections between the lab mates are mostly via electronic means that do not facilitate the close personal connections derived from working together every day. Second, sharing of ideas and data is often through slides and other written means that give the impression of formalizing what may be highly preliminary results. Ensuring that ideas and data are shared responsibly and that ownership is properly awarded are key issues that face unique challenges in this multi-location setting. These issues are addressed in depth in the invited paper in this special issue (Polacheck and Kamm 2014) .
Peer Review and Technological Change
Ubiquitous use of computing technology comprises a prominent shift in research methodology during the last two decades. It is involved in every aspect of research from analyzing experimental data to preparing manuscripts for publication, and has even changed how work is being published. The utility of computational analysis for handling large datasets is perhaps the most obvious change in a diversity of fields ranging from the work on the Higgs Boson at CERN (Aad et al. 2012) to genome wide association studies in a diversity of human diseases ranging from Alzheimer's disease (Bertram et al. 2008; Kamboh et al. 2012 ) to targeted cancer therapies (Patel, McLeod, and Innocenti 2013) . Despite the enormous gains we have made from the use of computing technologies, the use of large datasets and advanced computational processing raise a number of new questions about how to ensure that the research is responsibly conducted and transparently reported to the rest of the community.
Data and Computation
A key question is how to properly publish and facilitate review of computationally derived results. While traditional research papers often include the raw data, e.g., via western blots, in the manuscript, it is often not practical or meaningful to include large datasets and associated computational algorithms in the manuscript itself -only the processed results are meaningful to the reader. Given that the results and conclusions in publications based on large datasets or computation are significantly separated from the raw data, how is it possible for reviewers or general readers to check the correctness of the work? At best, the reader may only be able to evaluate the methodology summarized by the authors.
Lack of transparency into the data and code producing the published results have recently been associated with substantial delays in finding errors and fraud in some high-profile cases (Baggerly and Coombes 2009; Herndon, Ash, and Pollin 2013) . And, whether unintentional or deliberate, these flaws in the research record have been used to motivate profound decisions in government policy and health care. The two cases mentioned below help to illustrate this point.
The first case is that of the analysis errors in Drs. Reinhart and Rogoff's work on the effect of national debt on economic growth. Their paper, "Growth in a Time of Debt" (Reinhart and Rogoff 2010) , claimed that when national debt exceeds approximately 90% of GDP, there is sharp decline in economic growth. Their result has been highly influential in debates over monetary policy (Clinch 2013) . While the methods used in the paper have received criticism for other reasons, including unusual weighting in computation of averages (Herndon, Ash, and Pollin 2013) , their negative relationship between national debt and economic growth was found to be amplified due to a computational error in their spreadsheet analysis (Herndon, Ash, and Pollin 2013) . The mistake, which Drs. Reinhart and Rogoff later confirmed (Reinhart and Rogoff 2013) , was found by a student who was trying to recreate their findings. If the spreadsheet had been subject to peer-review, the mistake may have been found prior to publication.
The second case I want to address is that of the fraudulent reporting on targeted cancer therapies associated with Drs. Potti and Nevins at Duke (Darnton 2012) . They reported in their paper, "Genomic signatures to guide the use of chemotherapeutics," and related work (Potti, Dressman, et al. 2006; Potti, Mukherjee, et al. 2006) , that they could identify personalized treatments for cancer having a greater effect on tumor cells based on gene expression profiling for each patient; the profiling required statistical analysis code to assess the large genetic datasets. Their study was used to enroll patients in clinical trials. Drs. Potti and Nevins did not publish their code, but Drs. Baggerly and Coombes from M.D. Anderson were able to obtain some of the data from the Gene Expression Omnibus database, and found that they were not able to reproduce the published results. Their results were, in fact, opposite, suggesting the patients enrolled in trials were actually being given treatment that was not beneficial (Baggerly and Coombes 2009) . Dr. Nevins later discovered that Dr. Potti's raw data were inappropriately manipulated (Darnton 2012 ).
The Duke case took several years to come to light and may have placed patient health at jeopardy. In this case, rigorous peer-review of data and code at the time of publication may have caught these issues before any harm could be done to patients or the research record. The NIH and NSF have both implemented requirements for researchers to document and implement data management and sharing plans, but effectiveness of these policies has been documented to ensure that data is consistently shared (Borgman 2012) . Furthermore, it is still not standard practice for journals to require that the data and analysis code are included with the manuscript (or elsewhere posted) either at the review or publication stages (Schofield et al. 2009 ). There are several possible reasons for this: 1) the journal does not have the necessary infrastructure for long-term curation of large datasets, or a universal/appropriate public database is not available; 2) the often costly-to-generate raw data may be mineable for additional publishable results that the authors want to be credited for (Borgman 2012) , and 3) the data and code may have associated intellectual property concerns (Borgman 2012) .
In light of these issues, there is an ongoing conversation about how peer review should be extended to include large data sets and computer code (LeVeque, Mitchell, and Stodden 2012; NAS 2003) to limit publication of errors and fraud, and to identify problematic publications more quickly. Weighing in on the conversation, the Mozilla Foundation has recently started a new project to bring the same level of code debugging and review used for commercial software production to academic research (Hayden 2013) .
Bloggership
The last issue related to technological shift I will address here is that of self-publication via blogging. Blogging of research findings, sometimes called "bloggership," is a new phenomena in reporting of scientific research (Bukvova 2011 ), but has been used for several years in legal scholarship (Caron 2006) . At this point, there is very little literature that addresses RCR issues related to bloggership. There are, however, clear concerns associated with the publication of work that has not been peer reviewed. Without the checks and balances built into the traditional peer-review system, there is clear potential to contaminate the research record. Bloggers may also not be as vigilant about unbiased reporting, data standards, or conflict of interest reporting, since there are not currently established guidelines for bloggership.
In many cases, these concerns may not be problematic within the research community since researchers are trained to look at un-reviewed work with skepticism. Readers outside of the research community may not be as wary of un-reviewed work, and there is the potential to harm public confidence if blogged research is later found to be faulty.
Since bloggership is still a new phenomenon, there have been few RCR-related case studies from which to draw. The blog-based RCR case that has received most public attention to date is the case of the Science Fraud blog. The blog was run by an anonymous poster, who later turned out to be Paul Brookes; his blog accused over 100 journal articles of fraud without an avenue of self-defense for the authors (CouzinFrankel 2013) . It also turned out that some of the cases reported on the blog were peers in Dr. Brookes's own field, illustrating clear conflict of interest that was not disclosed.
Conflict of Interest
Financial conflict of interest (fCOI) has been a longstanding concern with many relationships in academic research. For instance, investigators funded by industry may be biased toward results that benefit the sponsor (Bekelman, Li, and Gross 2003) . In another example, journal revenue may depend on sponsors or number of issues sold, which may, in turn, influence the types of articles published, and the source and quality of the accepted articles (Lundh et al. 2010; Graf et al. 2007) . Greater attention has also been drawn to fCOI concerns in pharmaceutical studies in recent years due to multiple cases of missed or ignored signs of safety problems in studies funded by pharmaceutical companies (Whorisky 2012; Sternberg 2008; Bakalar 2010) . In this section, I will briefly discuss some of the most recent fCOI concerns related to the BayhDole Act of 1980 (Grimaldi et al. 2011 ) and open access publishing (Stratford 2012 ).
University-Owned Intellectual Property
While fCOI has been an enduring concern in academic research, it has been a much bigger issue since the Bayh-Dole Act was passed in 1980. By assigning intellectual property rights to academic intuitions for federally funded research, the Act was aimed at accelerating the commercialization of new technologies derived from academic research to make them available for the public good. The Act is widely believed to have had a net positive impact on speed of commercialization, and increasing revenue to academic institutions (Mowery and Sampat 2005; Aldridge and Audretsch 2011) .
Since the passage of the Act, U.S. universities have increasingly capitalized on academically-derived-IP via licensing and other entrepreneurial actives (Siegel, Veugelers, and Wright 2007) ; the model has also been adopted in several developing countries (So et al. 2008) . These arrangements enhance financial disincentive for investigators and universities to publish or otherwise disclose negative results (Kumar 2010) . Additionally, in many cases, a spin-off company is produced in which the academic investigators who produced the IP may hold ownership or financial stakes (Siegel, Veugelers, and Wright 2007) . This arrangement clearly elevates fCOI concerns when reporting further results from the continuing academic research -particularly when new results obtained at the university impact the company business plan. In light of these concerns, there is currently a renewed conversation about the merits and drawbacks of the Bayh-Dole Act (Grimaldi et al. 2011) .
Open Access Publishing
The rise of open-access publishing is another recent trend that poses inherent risks to responsible publication of quality research due to fCOI. The open-access model has received much positive attention because it provides universal access to published academic research free of charge and subscription. The journal's revenue is then derived from manuscript authors. The popularity and impact factor of the Public Library of Science (PLoS) series of journals (12.69 for PLoS Biology and 15.25 for PLoS Medicine in 2012) exemplifies the value of the open-access paradigm. Nevertheless, open-access journals shift financial pressure for the journal from selling editions/subscriptions to "selling" publications slots. Therefore, there is financial incentive to accept papers that opposes the interest of accepting only quality work for publication (Salem and Boumil 2013) .
Open access-publishing has also given rise to a large number of for-profit journals that are notorious both for preying on unsuspecting authors for publishing fees and for having low quality standards (Stratford 2012) . These journals recently received much negative publicity in the "sting" operation conducted by Joun Bohannon with the journal Science (Bohannon 2013) , where the same poor quality and obviously fabricated manuscript was submitted to more than 300 of these journals, and accepted by more than half of them for publication. With little-to-no quality control, these journals act to pollute the research record and undermine public confidence in published research.
Conclusion
We have witnessed a diversity of social and technological changes in research conduct over the last few decades. Together, all of these changes have yielded an unquestionably positive effect on the speed and novelty of research advancement, which translates into a better understanding of the universe, and ideally into better quality of life and standard of living. As research fields become increasingly specialized, technically challenging, and resource intensive, the trends of increased collaboration and reliance on advanced technology and computation are likely to become more and more necessary. This evolution of research conduct has raised many questions about how to adapt and apply the research enterprise's self-check mechanisms in these new contexts. Understanding how to address these issues is part of an ongoing community discussion that has resulted most recently with the Singapore Statement (Kleinert 2010) and will soon produce an updated version of the 1992 National Academies report on RCR (NAS 2013) . This discussion is far from over. As technology advances and society changes, including financial and social changes, the research community will need to maintain an open dialogue about how to continuously adapt to meet new challenges in ensuring that research is conducted responsibly.
About the Author
Levi Wood is the guest editor for this JPSL special issue on responsible conduct of research. He is currently a postdoctoral fellow in the Department of Pathology at the Massachusetts General Hospital. He completed three graduate degrees at the Massachusetts Institute of Technology: dual M.S. degrees in in mechanical and electrical engineering (2008) , and a Ph.D. in mechanical engineering (2011). His current scientific research interests are in combining in vivo, in vitro, and computational models to identify new therapeutic targets for Alzheimer's disease. During his Ph.D. work, Levi became aware of the breadth of concerns involved in ensuring that scientific research is conducted and reported responsibly, and sought to become involved in the discussion about how to ensure research integrity. In addition to serving as guest editor for this special issue, he is currently serving on the National Academies committee to update the 1992 report "Responsible Science: Ensuring the Integrity of the Research Process."
